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Abstract 
Spent aluminum-clad fuel elements from Argentine experimental nuclear reactors, manufactured with AA6061 aluminum alloy, 
are submitted to interim storage in demineralized water basins. In order to characterize the oxides grown during the storage, 
immersion tests of AA6061 samples were performed for periods from 3 days to 4 months at open circuit potential (OCP) and at 
room temperature in high purity water and in diluted NaCl solution. Electrochemical Impedance Spectroscopy (EIS) 
measurements were then performed on the oxide samples. The film thicknesses of oxides grown in high purity water, measured 
by eddy-currents technique, can be fitted to a sigmoidal curve reaching a limit value of ~11μm after 60 days of immersion, while 
the oxides obtained in diluted NaCl solution grow according to a linear law and reach a thickness of ~26μm after 120 days. From 
data obtained of fitting the EIS spectra with equivalent circuits, the thicknesses of the barrier layer present in the oxide were 
estimated for samples obtained in both media. 
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1. Introduction 
MTR (Material Test Reactor) fuel elements used in Argentine nuclear research reactors are manufactured with 
the AA6061 aluminum alloy as cladding and structural material. Once removed from the reactor, the spent fuel 
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elements are placed under water in interim storage until stabilized for final disposition. 
During the period 1996-2000 the International Atomic Energy Agency (IAEA) carried out a Coordinated 
Research Program (CRP) on corrosion and surveillance of aluminum-clad spent fuels in storage sites in different 
countries including Argentina. Among the main conclusions obtained from the CRP, it was determined that the 
water conductivity, the pH value, the total dissolved solids and the chloride concentration are the most important 
parameters to control in the storage sites [IAEA, 2003]. 
Electrochemical Impedance Spectroscopy (EIS) is a technique widely used to study the properties of oxides 
grown by anodization processes in pure aluminum and its alloys. It has been used to evaluate the corrosion 
resistance, evaluate the capacitance of the oxide barrier layer and estimate its thickness, study the degradation of the 
oxide film in different media, study pitting mechanisms, etc. Nevertheless, little information is found in the literature 
concerning the use of this technique to study aluminum oxides obtained by immersion in water at open circuit 
potential (OCP). 
The objective of this work is to perform a comparative analysis of the long term growth of aluminum oxide in the 
AA6061 alloy at room temperature in two media which simulate two conditions with different conductivity values 
found during the spent fuel surveillance programs: high purity water (κ=1μS/cm) and 0.001M NaCl solution 
(κ=100μS/cm). Additionally, a preliminary study of the electrochemical behavior of the oxides will be performed by 
EIS, in order to assess the usefulness of this technique to this type of oxides and to evaluate the feasibility of 
calculating the oxide thicknesses.  
2. Experimental 
AA6061 samples of 10mm x 20mm were cut from a 1.5mm thickness plate taken from remnants of the 
manufacture of Argentine MTR fuel elements, in the region where no fissile material is present. All the specimens 
were ground up to 1500 SiC paper lubricated with water, and then polished with 3μm and 1μm diamond paste 
lubricated with ethanol. The alloy composition is detailed in Table 1. In a previous work, the following second-
phases have been identified in the AA6061 alloy: Al3Fe, α-(Fe,Cr,Mn)3SiAl12, β-(Fe,Cr,Mn)2Si2Al9, Si, Mg2Si y 
π-(Fe,Cr,Mn)Mg3Si6Al8. These phases are present as precipitates in the aluminum matrix [Rodriguez et al., 2003]. 
Table 1. AA6061 alloy composition 
Element Mg Si Fe Cu Cr Mn Zn Ti Al 
Wt. %  0.95-1.10 0.55-0.65 0.15-0.45 0.20-0.40 0.10-0.20 0.1 0.25 0.03-0.07 balance 
 
Immersion tests were carried out at room temperature in high purity water (κ=1μS/cm) and in 0.001M NaCl 
solution (κ=100μS/cm). Seven samples corresponding to seven periods of time: 3, 7, 15, 24, 31, 60 and 120 days 
were immersed in each medium. Each sample was placed horizontally in a beaker covered with a lid that ensured the 
entrance of oxygen. After concluding the period of time for each test, the samples were withdrawn from the beakers 
and rinsed with distilled water. After that, the surface of the samples was photographed. The thicknesses of the 
oxides were measured by the eddy-currents (EC) technique in a Fischer Dualscope MP40ES equipment. 
EIS measurements were then performed in the samples previously oxidized, at open circuit potential (OCP) in a 
Gamry PC4-750 potentiostat-frequency analyzer over a frequency range from 100kHz to 10mHz, using a 10mV 
sinusoidal potential perturbation. A three electrode cell was used, containing naturally aerated 0.5M Na2SO4 
solution (κ=43mS/cm) at room temperature. A Hg/Hg2SO4 (E=+0,640VNHE) electrode was used as reference 
electrode and a platinum wire as the counter electrode. The resulting spectra were fitted using the Gamry Echem 
Analyst software. 
The samples were then cross-cut, embedded in epoxy resin and polished to 1μm diamond paste to observe the 
oxides through Scanning Electron Microscopy (SEM) in a FEI Quanta 200 microscope. 
3. Results 
Fig. 1 shows the visual appearance of the oxides obtained in both media. For the oxides grown in high purity 
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water, no significant differences were observed in the surface of the samples immersed for 3, 7 and 14 days, 
remaining their surfaces as the as-polished condition. The sample immersed for 24 days appears a little less brilliant, 
and for 30 days a dark brown oxide is observed. In the samples submitted to immersion during 2 and 4 months, the 
oxide has a brown-grey color. In all cases the oxide was homogeneous throughout the surface, and no localized 
attack is detected. 
In the oxides obtained in 0.001M NaCl solution, changes in the surface of samples are noticed from the 7th day of 
immersion. In the samples immersed from 7 days to 4 months, a light grey oxide is observed on their surfaces. 
Another white corrosion product can be seen in certain areas of the samples. Localized attack was not detected in 
these oxides. 
 
 Immersion time (days) 
 3 7 14 24 31 60 120 
High 
purity 
water 
(κ=1 
μS/cm) 
       
0.001M 
NaCl 
solution 
(κ=100 
μS/cm) 
       
Fig. 1.Visual appearance of the samples  
The oxide thicknesses measured by EC (10 values averaged) are presented in Fig. 2. It can be seen that the 
thicknesses of oxides grown in high purity water can be fitted to a sigmoidal curve, reaching a limit value of ~11μm 
at 60 days of immersion. From 7 days in 0.001M NaCl, the oxide thicknesses increase as a function of time 
according to a linear law and reach a value of 26μm after 120 days. 
 
 Oxide thickness (μm) 
Immersion 
time 
(days) 
High purity 
water 
NaCl 
solution 
3 0.57±0.30 0.40±0.20 
7 0.40±0.10 11.91±1.54 
14 0.86±0.21 12.47±0.94 
24 1±0.23 13.94±0.70 
31 1.85±0.45 13.25±0.70 
60 11.51±0.43 20.0±0.80 
120 10.53±0.57 25.94±0.74 
 
Fig. 2: a) Plot of oxide thicknesses vs. immersion time; b) Oxide thicknesses values  
Figs. 3 and 4 show cross-section SEM micrographs of samples after 7, 24 and 120 days immersion in water and 
in 0.001M NaCl, respectively. In samples immersed in water for 7 and 24 days, the oxide layer could not be 
observed by SEM (Figs. 3a and 3b), whereas an oxide is detected in the sample immersed for 120 days. For 
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thicknesses higher than 10Pm (60 to 120 days immersion in water and from 7 to 120 days in NaCl solution) a 
multilayer porous oxide has grown on the samples (Fig. 3c and Fig. 4). In both media, it can be seen that the oxide 
has penetrated into the aluminum matrix (Figs. 3c and Fig. 4). In most cases, bright particles were observed inside 
these penetrations (Figs. 5a and 5b). EDS analysis pointed out the presence of Al, Fe and Si in these particles 
[Rodriguez et al., 2009].  
 
   
 
Fig. 3. SEM images of oxides grown in high purity water: a) 7 days; b) 24 days; c) 120 days. 
   
Fig. 4. SEM images of oxides grown in 0.001M NaCl solution: a) 7 days; b) 24 days; c) 120 days. 
  
Fig. 5. Detail of the oxide and the particles inside the penetrations: a) 120 days in water; b) 7 days in NaCl 
EIS measurements results are presented in Bode plots in Figs. 6a and 6b. The impedance responses of both types 
of oxides generally show a capacitive behavior. The spectra of the oxides obtained in water for periods of 3, 7, 14 
and 24 days, and in NaCl solution for 3 days of immersion, show one time constant. In the oxides grown in water for 
60 and 120 days and in chloride solution for 7 to 120 days an additional time constant is detected. 
For oxides obtained in water up to 31 days of immersion, the impedance modulus (ǀZǀ) seems to be frequency-
independent in the range 0.001Hz<f<10Hz. At higher frequencies it can be seen that ǀZǀ is higher in the oxides 
grown in 60 and 120 days. In chloride solution, ǀZǀ shows a different behavior: for immersion periods between 7 and 
120 days, it does not change significantly with the oxide thickness in the low frequency range. On the contrary, ǀZǀ 
increases with the oxide thickness at frequencies higher than 10Hz. In the phase angle plot, this effect is also noticed 
at frequencies above 1Hz. 
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Fig. 6a. Bode diagrams: oxides grown in high purity water. 
 
Fig. 6b. Bode diagrams: oxides grown in 0.001M NaCl solution. 
 
The EIS results are discussed in terms of fitting to simple equivalent circuits frequently used in the analysis of 
anodic aluminum oxide films, presented in Fig. 7. 
 
 
 
Fig.7. Equivalent circuits used for fitting the EIS spectra.  
 
Circuit in the Fig. 7a was used to fit the EIS spectra of oxides obtained in water for periods of 3 to 24 days and in 
chloride solution for 3 days. The EIS spectra of oxides obtained in water for 31 and 60 days and in chloride solution 
from 7 to 60 days were fitted with equivalent circuit in the Fig. 7b. No satisfactory fitting could be obtained for the 
oxides grown after 120 days in both media. 
The circuit elements are defined as: Ru: solution resistance, R: charge transfer resistance, CPE: constant-phase 
element characterized by parameters Q and α, used to model the capacitive behavior, and W: infinite Warburg 
element used to describe diffusion phenomena. Table 2 presents the data obtained from the fitting.  
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Table 2. Parameters obtained from fitting the EIS spectra.   
  Ru R1 
CPE1 R2 
CPE2 W  Q1 α1 Q2 α2 
 Days Ω cm2 Ω cm2 Ω-1cm-2sα  Ω cm2 Ω-1cm-2sα  Ω-1s1/2 
High 
purity 
water 
(κ=1 
μS.cm-1) 
3 7.03 2.39E+4 2.51E-06 0.910 --- --- --- 3.73E-05 
7 4.97 7.81E+3 3.01E-06 0.972 --- --- --- 8.59E-05 
14 8.62 1.15E+4 2.96E-06 0.929 --- --- --- 1.34E-05 
24 5.58 8.69E+3 4.77E-06 0.844 --- --- --- 3.03E-05 
31 4.21 7.39E+6 3.55E-06 0.803 667.2 4.76E-07 0.921 3.57E-05 
60 6.5 3.27E+4 5.18E-06 1 5390 1.57E-06 0.735 1.68E-05 
0.001M 
NaCl 
(κ=100 
μS.cm-1) 
3 4.99 1.13E+3 1.28E-06 0.939 --- --- --- 1.55E-05 
7 5.28 5.34E+6 5.19E-06 1 253.3 3.85E-06 0.710 3.33E-05 
14 1.50 8.26E+6 5.68E-06 0.810 689.4 2.47E-06 0.714 3.27E-05 
24 3.06 1.96E+7 4.72E-06 0.820 768 2.60E-06 0.760 3.64E-05 
31 14.3 1.95E+6 9.15E-06 0.830 1530 1.32E-06 0.738 3.18E-05 
60 8.81 4.22E+6 5.93E-06 0.980 1654 9.13E-07 0.718 2.56E-05 
 
4. Discussion 
When the aluminum surface is exposed to the air at room temperature, a thin film of amorphous oxide called 
barrier layer of about 2-4nm in thickness is formed. If the aluminum reacts with water, aluminum ions are evenly 
removed on the whole surface covered with the amorphous oxide, whereas the electrons emerge mainly from the 
grain boundaries and impurities. The outer surface of this oxide hydrolyses giving soluble species which, depending 
on the pH, may remain in solution or reprecipitate as porous hydroxide [Vermilyea and Vedder, 1968]. The 
aluminum hydroxide (Al(OH)3) is the stable phase below 100ºC, while bohemite (J-AlOOH) is stable above 100ºC. 
Aluminum hydroxide has three polymorphic varieties: gibbsite (α phase), bayerite (β phase) and nordstrandite (J 
phase) [Wefers and Chanankya, 1987]. 
Hart [1957] studied the oxide growth in aluminum 99.995% purity in distilled water (κ=0.4μS/cm) by measuring 
weight gain vs. immersion time. According to this author the initial oxide film has two layers: an inner thin 
amorphous layer, and an outer thick layer of pseudobohemite (metastable aluminum hydroxide) which transforms 
over time to bohemite and, at temperatures less than 90ºC, bayerite crystallizes on top of the bohemite. The oxide 
film that grows in such conditions would be composed by three layers. The kinetics of aluminum 99.995% oxide 
growth at 20ºC determined by this author can be fitted to a sigmoidal curve which is divided into three stages. The 
first stage (3 days of immersion) corresponds to an increase in the amorphous oxide thickness already present before 
the immersion. During the second stage (days 3 to 7) the bohemite develops and reaches a thickness of 1.2μm and in 
the third stage, from the day 7 of immersion, the bayerite growth is detected, being the total oxide thickness of 
4.9μm after 20 days of immersion. 
Thomas et al. [1993] studied the characteristics of aluminum oxide grown in AA6063 alloy after 60 days of 
immersion in flowing demineralized water at 45ºC. These authors observed the oxide cross-sections by SEM and 
found a double layer structure. Based on the mechanism proposed by Hart, they suggested that the inner layer is 
composed of bohemite and the outer of bayerite, with both layers having approximately the same thickness. In the 
oxides studied in the present work, no significant differences were observed in the oxide layers. So far, there is not 
enough evidence to indicate that the oxide is composed of different crystalline phases. More complex studies are 
needed to identify the crystalline structure of the layers observed. 
In the aluminum alloys which contain iron-rich second phase particles, such as the AA6061, there is another 
phenomenon that contributes to the oxide growth. The iron-rich intermetallics have a cathodic behavior relative to 
the aluminum matrix, acting as sites for the oxygen reduction reaction [Smialowska, 1999]. In aerated solutions at 
OCP, this reaction provokes a localized increase in the pH, which might reach a value of 9.5 [Park et al., 1996]. The 
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localized alkalization causes aluminum dissolution as aluminate ions (AlO2-) [Pourbaix, 1966] creating a cavity 
around the particle, which is known as alkaline attack or alkaline pitting by some authors. The AlO2- ions diffuse 
towards the bulk of the solution where the pH is about 5, and then they reprecipitate as aluminum hydroxide. In the 
SEM images of the cross-sections (Figs. 3, 4 and 5), penetrations of the oxide into the matrix can be seen, and in 
some cases there are bright particles inside such penetrations. The analysis of the particles by EDS showed the 
presence of iron, so it can be inferred that these particles are iron-rich phases (Al3Fe or α/β-Al-Fe-Si). The oxide 
penetrations into the matrix are due to alkaline attack. In a previous work [Rodriguez et al., 2009] it was 
demonstrated that the magnitude of this attack does not depend on the conductivity of the solution, and that the 
chloride ion has no influence in its morphology. In the present work, in the samples immersed in water for 3 to 24 
days and in chloride for 3 days, the oxide could not be observed by SEM but these samples did undergo alkaline 
attack, since it occurs from the first hours of exposition to the water [Rodriguez et al., 2003]. 
In the present work it can be seen that the oxide thickness grown in NaCl show a linear relationship with the 
immersion time from the seventh day of immersion, in contrast with the behavior in water (Fig. 2). Comparing the 
oxide growth kinetics in both media, it is noticed that there is no induction period in chloride, indicating that the 
oxide growth mechanisms would be different. Due to the linear kinetics, it may be inferred that in chloride solution 
the oxide could grow continuously. Long-term immersion tests should be done to verify this hypothesis.  
The EIS spectra for oxides obtained in both media are shown in Figs. 6a and 6b. According to Cottis and 
Turgoose [1999], if the value of α in a CPE is ≥ 0.8, the element can be viewed as a capacitor and the capacitance 
can be calculated. This is the case of the fittings obtained in this work for the element named CPE1 in the circuits in 
Figs. 7a and 7b, since the α1 values are in the range 0.803-1 for the oxides grown in water, and 0.810-1 in the oxides 
obtained in chloride (Table 2). The effective capacitance was calculated from CPE1 parameters according to the 
Brug’s model [Hirschorn et al., 2010], described by Equation 1. Table 3 contains the capacitance values. 
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                                                      (1) 
 
The capacitive behavior detected by EIS can be ascribed to dielectric phenomena or effects of redistribution of 
electrical charges in interphases. Assuming that the capacitance named CPE1 in both circuits is attributed to a barrier 
layer present in the oxides, their thicknesses can be calculated by means of Equation 2, being C: effective 
capacitance; ε: vacuum dielectric constant (8.85·10-12F.m-1); ε0: dielectric constant for aluminum oxide and d: oxide 
thickness. 
 
                   (2) 
 
The oxide thicknesses were calculated using a value of ε=10 for the aluminum oxide [Vermilyea and Vedder, 
1968; Hitzig et al., 1984] and are presented in Table 3. 
The barrier layer thicknesses values: 0.002μm<d<0.038μm for oxides obtained in water and 
0.002μm<d<0.022μm for oxides grown in chloride, are in good agreement with barrier layer thicknesses reported in 
the literature for the barrier layer in anodic oxides grown in high purity aluminum [Hitzig et al., 1984, Debuyck et 
al., 1988] and in AA6061 aluminum alloy [Mansfeld et al., 1997; García-Rubio et al., 2010]. Moreover, these 
thickness values would correspond to the barrier layer already present in the samples before the immersion, which 
thickens during the first stages of the exposure to water, according to Hart. These oxide layers are too thin to be 
detected by the SEM used in this work. 
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Table 3. Effective capacitance and thickness for the barrier layers present in the oxides. 
 
 High purity water 0.001M NaCl 
 C1 Thickness C1 Thickness 
days μF.cm-2 μm μF.cm-2 μm 
3 0.85 0.010 0.59 0.015 
7 2.19 0.004 5.19 0.002 
15 1.32 0.007 0.37 0.024 
24 0.68 0.013 0.41 0.022 
31 0.23 0.038 1.47 0.006 
60 5.18 0.002 4.85 0.002 
 
From 31 days of immersion in water and 7 days of immersion in 0.001M NaCl, an additional CPE behavior was 
detected in the EIS spectra, represented by the element CPE2 in the circuit 7b. Due to the α2 values in these cases are 
below 0.8 (Table 2), this CPE cannot be associated to a capacitance. One explanation of this CPE behavior might be 
the irregular surface of the oxide (Figs. 3c, 4 and 5). The roughness of a porous electrode is manifested in EIS as a 
CPE behavior, namely a capacitance dispersion. The CPE parameter α would enable the estimation of the surface 
fractal dimension which is useful in the description of the oxide surface topography [Risovic et al., 2008]. 
For the oxides which thicknesses exceed ~10μm, obtained in either media, the EIS measurements detect a time 
constant that would be related to the multilayer oxide observed by SEM. Although no physical parameter that 
characterizes this layer could be obtained in the present work, it can be noticed that EIS technique does detect the 
presence of such layer.  
5. Conclusions 
x The thicknesses of AA6061 aluminum oxides obtained in high purity water at OCP at room temperature can be 
fitted to a sigmoidal curve, reaching a limit value of ~11μm after 60 days of immersion.  
x The growth of AA6061 aluminum oxide in 0.001M NaCl solution has a linear kinetics, reaching a value of 
~25μm after 120 days. 
x From the data obtained by EIS measurements, the thickness of the barrier layer can be estimated for oxides 
obtained both in high purity water and in NaCl solution. 
x The EIS spectra of samples with oxide thicknesses higher than 10μm obtained either in water or in NaCl solution, 
show an additional time constant compared to those of the samples with thinner oxides.  
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